Choroidal neovascularization is one of the major pathological changes in age-related macular degeneration, which causes devastating blindness in the elderly population. The molecular mechanism of choroidal neovascularization has been under extensive investigation, but is still an open question. We focused on sonic hedgehog signaling, which is implicated in angiogenesis in various organs. Laser-induced injuries to the mouse retina were made to cause choroidal neovascularization. We examined gene expression of sonic hedgehog, its receptors (patched1, smoothened, cell adhesion molecule down-regulated by oncogenes (Cdon) and biregional Cdon-binding protein (Boc)) and downstream transcription factors (Gli1-3) using real-time RT-PCR. At seven days after injury, mRNAs for Patched1 and Gli1 were upregulated in response to injury, but displayed no upregulation in control retinas. Immunohistochemistry revealed that Patched1 and Gli1 proteins were localized to CD31-positive endothelial cells that cluster between the wounded retina and the pigment epithelium layer. Treatment with the hedgehog signaling inhibitor cyclopamine did not significantly decrease the size of the neovascularization areas, but the hedgehog agonist purmorphamine made the areas significantly larger than those in untreated retina. These results suggest that the hedgehog-signaling cascade may be a therapeutic target for agerelated macular degeneration.
I. Introduction
Age-related macular degeneration (AMD) is a devastating disease that causes blindness in the elderly population, especially in developed countries. AMD is a complex multifactorial disease that involves environmental factors such as cigarette smoking and lifetime sunlight exposure, and genetic components such as factors in the complement system [6, 22, 28] . The multifactorial nature of AMD makes the development of a complete therapy almost impossible [6] .
Correspondence to: Akio Wanaka, M.D., Ph.D., Department of Anatomy and Neuroscience, Nara Medical University Faculty of Medicine, 840 Shijo-cho, Kashihara City, Nara 634-8521, Japan. E-mail: akiow@naramed-u.ac.jp Choroidal neovascularization (CNV) is one of the major pathological changes in AMD and has therefore become a target of therapeutic strategies [6, 10] . Inappropriate angiogenesis causes CNV in the AMD retina. Indeed, several angiogenic factors have been so far implicated in the pathogenesis of CNV. Vascular endothelial growth factor (VEGF)-A, VEGF-B, Angiopoietin1 and Angiopoietin2 are representative angiogenic factors and their pathogenic roles in AMD have been explored [5, 26] . Among these, the angiogenic effect of VEGF-A in CNV has since been established and VEGF-A is currently the best target of anti-AMD therapy; anti-VEGF-A monoclonal antibodies (bevacizumab, ranibizumab) effectively reduce CNV development in AMD patients [23, 44] . Compatible with these studies, blocking of VEGF receptor function is also effective in treating CNV [18, 25] . Although the anti-VEGF and anti-VEGF receptor therapies are successful in reducing CNV, their effects are clinically modest and other VEGF-related drugs are also under investigation [46] . Different kinds of anti-angiogenic factor therapies have also been sought to provide more effective treatments. Notch signaling [1] and the Wnt pathway [47] exemplify potential targets for such alternative therapeutic developments.
Sonic hedgehog (Shh) is a powerful angiogenic factor during development [33, 34, 38] and in cancer tissues [37] . The Shh pathway is also implicated in CNV, and because its inhibition reduces CNV [42] the Shh pathway is a candidate target of anti-AMD therapy. Interestingly, a recent genome-wide association study revealed a potential, albeit not significant, association of the Shh pathway components Gli2 and Gli3 with AMD [17] . Given the genome association results, we first examined whether Shh signaling components are upregulated in the mouse CNV model. We also investigated whether pharmacological stimulation or inhibition of Shh signaling affects CNV.
II. Materials and Methods

Animals
Adult male C56BL/6 mice (8-10 weeks old, Japan Charles River Laboratory, Yokohama, Japan) were housed in plastic cages under standard laboratory conditions (23±1°C, 55±5% humidity in a room with a 12-hr lightdark cycle) and had access to tap water and food ad libitum. The Animal Care Committee of Nara Medical University approved the protocols for this study in accordance with the policies established in the NIH Guide for the Care and Use of Laboratory Animals.
Laser-induced retinal lesions and drug delivery
Adult mice were anesthetized with an intraperitoneal injection of chloral hydrate (Aldrich, TX, USA). The pupils of all animals were dilated using topical 0.5% tropicamide and 0.5% phenylephrine (Midorin P, Santen Pharmaceuticals, Osaka, Japan). We placed a cover glass on the cornea and delivered four laser burns to the retina of one eye at a distance of one to two disc diameters from the optic disc using the krypton laser system (530.9 nm wavelength, MC-7000, NIDEK, Aichi, Japan). Laser settings were 100 mW power and 800 ms duration. We reproducibly generated laser burns 100 μm in diameter without any major damage to retinal arteries or veins. In each mouse, one eye was laser-treated and the other (control) was sham-operated (a cover glass was placed on the cornea but no laser burns were delivered). For mRNA quantification, mice were kept for five or seven days after treatment and then sacrificed by decapitation under deep anesthesia. The eyeballs were enucleated and the retinas were dissected out for real-time PCR analyses (see below). For double-labeling immunohistochemistry, mice were perfused with 4% paraformaldehyde in phosphate buffer at five or seven days after treatment. The retinas were dissected out and 20 μm retinal sections were cut on a cryostat. The sections were subjected to double-labeling immunohistochemistry (see below). For Shh signaling modification by pharmacological agents, mice were divided into three groups (n=5 for each group) after the laser irradiation. One group received daily intraperitoneal injections of 10 mg/kg cyclopamine (a sonic hedgehog antagonist; Cosmo Bio, Tokyo, Japan) and a second group received daily intraperitoneal injections of 15 mg/kg purmorphamine (a sonic hedgehog agonist; Santa Cruz Biotechnology, TX, USA). The third (control) group received daily injections of vehicle (10% dimethyl sulfoxide in distilled water) alone. At seven days after laser irradiation, all the mice were perfused with 4% paraformaldehyde in phosphate buffer and eyeballs were enucleated. The retinas were subjected to flat-mount immunohistochemistry for CD31 (see below).
Real-time reverse transcriptase-polymerase chain reaction
Total RNA of the retina was extracted using TRIzol (Invitrogen, CA, USA). The extracts were reversetranscribed using random primers and a QuantiTect Reverse Transcription kit (QIAGEN, Tokyo, Japan), according to the manufacturer's instructions. Real-time RT-PCR was performed using a LightCycler Quick System 350S (Roche Diagnostics, Tokyo, Japan), with SybrGreen Realtime PCR Master Mix Plus (Toyobo, Osaka, Japan). The specific primers used in the present study are listed in Table 1 .
Double-labeling immunohistochemistry
Immunohistochemical procedures were described previously [32, 43] . Briefly, the retinal sections were incubated with two primary antibodies in phosphate buffered saline (PBS): one was Armenian hamster anti-CD31 IgG (Developmental Studies Hybridoma Bank, DSHB, clone 2H8; dilution 1:20) and the other was rabbit polyclonal IgG against either Sonic hedgehog (Sigma-Aldrich Japan, AV44235; dilution 1:300), Patched1 (Sigma-Aldrich Japan, SAB4502472; dilution 1:200) or Gli1 (Abcam Japan, ab92611; dilution 1:400). After being washed with PBS, the sections were incubated with two secondary antibodies in PBS for 2 hr: Alexa 488-conjugated goat IgG against rabbit IgG (Jackson ImmunoResearch; dilution 1:400) and Alexa 594-conjugated goat IgG against Armenian hamster IgG (Jackson ImmunoResearch; dilution 1:400). The labeled sections were counterstained with 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich Japan, D9542) and mounted on glass slides, and coverslips were sealed with Vectashield (Vector Laboratories, CA, USA). We observed the sections using a laser-scanning confocal microscope (Fluoview 1000, Olympus, Tokyo, Japan). For the control experiments of immunohistochemistry, we replaced the primary antibodies (see above) with either Armenian Hamster isotype-control IgG (MBL, Japan, M199-3; dilution 1:20) or rabbit polyclonal isotype-control IgG (Abcam, Japan, ab27472; dilution 1:200) and then treated sections with corresponding anti-Hamster or anti-rabbit secondary antibodies, respectively. We also checked whether or not there were cross-reactions between the primary antibodies (Armenian hamster or rabbit) and the different speciesspecific secondary antibody (anti-rabbit or anti-Armenian hamster ones, respectively) by incubating sections with these combinations of antibodies. We observed these control sections under a laser-scanning confocal microscope.
Quantification of CNV area using CD31 immunohistochemistry
The isolated retina was subjected to CD31 immunohistochemistry; briefly, the retina was incubated overnight with anti-CD31 antibody (see above) and then treated with secondary Alexa-488-conjugated anti-hamster IgG antibody (Jackson ImmunoResearch; dilution 1:400). The immunolabeled retina was cut radially at four angles (0, 90, 180 and 270°) and then flat-mounted on a glass slide. The retina was observed under a laser-scanning confocal microscope (Fluoview 1000, Olympus). Because CD31 is expressed in the endothelial cells, CD31 immunohistochemistry could clearly reveal the choroidal neovascularization with proliferated endothelial cells (Fig. 4) . Using ImageJ software (NIH, USA), we measured CD31-positive areas and subjected them to statistical analyses.
Statistical analysis
Graphical data are presented as the mean±SEM. Statistical analyses of the results of real-time RT-PCR were performed using the unpaired Student's t-test. Morphometric data of choroidal neovascularization were subjected to Bonferroni-Holm adjustment for multiple comparisons. Differences were considered significant when the p value was <0.05.
III. Results and Discussion
We first examined whether our laser delivery system efficiently and accurately rendered CNV in the retina by checking the time-course of expression of injury-and angiogenesis-related factors using real-time RT-PCR. As injury-related factors, we chose glial fibrillary acidic protein (GFAP; Müller glial marker), Cxcr4 (chemokine) and Hif1a (tissue hypoxia-related factor). Figure 1A indicates that all three factors were significantly upregulated at day 7 after laser treatment. GFAP [11] , Cxcr4 [29, 40] have been reported to be upregulated in CNV lesions in animal models, and Hif1a [41, 45] in both an animal model and human AMD. The present results confirm that our laserinduced CNV at 7 days after treatment is a valid model of this aspect of AMD. Angiogenic factors such as VEGF and angiopoietins are expressed in the AMD retina, and anti-VEGF treatment has successfully reduced CNV formation [9, 15, 23] . Figure 1B shows the expression patterns of mRNAs for eight angiogenesis-related factors; at 7 days after laser delivery, five of these mRNAs (VEGF-A, Flt1, angiopoietin 1, Tie1 and Tie2) were upregulated. These results demonstrate that our laser-induced CNV method is comparable to those in previous studies and should therefore be applicable to assessing the contribution of the Shh signaling pathway. We next examined temporal expression patterns of Shh signaling components in retinas with laser-induced CNVs. Hedgehog ligands include Shh, Indian hedgehog (Ihh) and Desert hedgehog (Dhh), all of which share common signaling components (i.e., receptors and intracellular signaling molecules) [8, 27] , and there are two canonical receptors, patched (Ptch) and smoothened (Smo). In addition to these, cell adhesion molecule down-regulated by oncogenes (Cdon) and biregional Cdon-binding protein (Boc) are recently identified receptors for hedgehog [36] . Growth arrest specific gene 1 (Gas1), a transmembrane protein, modulates hedgehog signaling [21, 24, 31] . We also examined the expression patterns of the Gli family of intracellular signaling molecules. The Gli family consists of three members, Gli1, 2 and 3, which translocate into nucleus upon activation of cell-surface receptors. Gli family members are zinc-finger proteins that function as transcription factors [19] . Figure 2 shows the temporal expression patterns of the above-mentioned hedgehog signaling components. Consistent with the GFAP, CxCr4 and Hif1 expression patterns, those of the hedgehog signaling components tended to increase at 7 days after laser treatment. Among the factors, Ptch1 and Boc mRNAs were significantly upregulated in treated compared to shamoperated retinas, and Gli1 and Gli2 were also induced at 7 days after laser treatment. It should be noted that mRNA levels of the hedgehog ligands Shh, Ihh and Dhh were comparable to their sham-operated control levels at 7 days after laser treatment. These results indicate that the laser-treated retinas with CNV lesions are capable of responding to hedgehog ligands, although the ligands themselves are not upregulated in the lesions. In the context of the development of CNV lesions and their progression, the cellular localization of the upregulated components of the hedgehog-signaling pathway is of particular interest. We therefore next examined the localization of signaling components with immunohistochemistry.
We examined the cellular localization patterns of hedgehog signaling components with special reference to endothelial cells forming CNV lesions. We confirmed that immunohistochemistry with non-specific IgGs of either Armenian hamster or rabbit did not produce any signals and that there were no cross-reactions between primary Armenian hamster IgG and secondary anti-rabbit IgG or between primary rabbit IgG and secondary anti-Armenian hamster IgG (data not shown). Figure 3 shows laserphotocoagulated retinal sections that were stained with hematoxylin and eosin (A) and that were double-labeled with anti-CD31 antibody (a marker for endothelial cells) and with antibodies for Shh (B), Ptch1 (C) and Gli1 (D). CD31-positive cells formed a cluster just beneath the neural retina in the laser-induced lesion. Ptch1 immunoreactivity co-localized with the CD31-positive cell cluster (Fig. 3C) . 
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Gli1 immunoreactivity also localized to the CD31-positive cell cluster (Fig. 3D) . In the control sham-operated retina, we observed neither Ptch1 nor Gli1 immunoreactivities (data not shown). Consistent with the real-time RT-PCR results, we found only a few Shh immunoreactive cells without co-localization of CD31 immunoreactivities (Fig.  3B) . We speculate that the Shh-positive cells could be fibroblasts, but its nature awaits further investigation. Ihh or Dhh proteins were not detected in the retinal lesions (data not shown). In the control sham-operated retina, we observed none of the hedgehog family proteins (data not shown). These results suggested that the endothelial cells forming CNV are capable of receiving hedgehog signal by having upregulated signal-transducing components. Figure 4A shows a representative flat-mount retina stained with anti-CD31 antibody at day 7 after laser delivery. In the control group, CD31-immunoreactive lesions were reproducibly formed in the retina and their size was comparable to those reported previously [1, 14] . We found that the size of neovascularization in the cyclopamine (Shh antagonist)-treated retina was not significantly different from that in the control retina (Fig. 4B) , whereas the purmorphamine (Shh agonist) treatment significantly increased the size of neovascularization (Fig. 4B) .
Sonic hedgehog and its family members are implicated in angiogenesis in various tissues and in various situations including physiological and pathological conditions [12, 39] . Promotion of angiogenesis by Shh has proven effective in wound healing [2] and in preservation of cardiomyocytes in myocardial infarction [30] . Development and maintenance of cancer depends on newly formed blood vessels, and anti-angiogenesis therapies are among the important anti-cancer strategies. Indeed, Shh-targeting therapies are already being applied clinically [35] . As the primary pathogenic phenomenon of AMD is CNV, antiangiogenesis therapies have been actively developed and brought to clinical use [3, 4, 20] . Shh signaling is thus of interest and its implications in CNV have been demonstrated, that is, that inhibition of Shh signaling by cyclopamine reduced the sizes of laser-induced CNV lesions [42] . Cyclopamine had little effects on the sizes of CNVs in the present study. The discrepancy may be derived from the differences of experimental conditions; Surace et al. laser-induced retinal injury [42] , while we focused on earlier time points (at five or seven days after laser irradiation). Based on this assumption, we reproduced the 14-day cyclopamine treatment after laser-induced injury and found that cyclopamine reduced CNV sizes to significantly lower than those in the vehicle control (p=0.0167<0.05, n=8). Taking these results together, we consider that Shh may not be present at high enough levels to stimulate endothelial cells at relatively early stages after laser-induced injury, because the agonist purmorphamine significantly increased the sizes of CNVs (Fig. 4) . We suggest that a possible therapeutic strategy for AMD, especially in early stages, is to prevent Shh upregulation rather than to block Shh signaling. Shh signaling is known to involve crosstalk with other signaling pathways such as TGF-beta [7] and FGF [13] , and these growth factors upregulate Shh expression [7, 13] . In this regard, blocking these growth factors may be important for the development of new therapies. Another critical point is what kind of cells produce Shh in the injured retina. Although we found no apparent upregulation of Shh protein in the injured retina of early phase, upregulation of Shh by astrocytes in hypoxic conditions has been reported in the brain [16] . Since Müller glia are equivalent to brain astrocytes, inhibition of Müller glial activation is of interest for preventing Shh upregulation.
IV. Acknowledgments
This work was supported in part by the Japan Society for the Promotion of Science (Grant Numbers 26293039 and 15K14354 to AW), and by a research grant from the Takeda Science Foundation to AW. We wish to thank Dr. Ian Smith (Elite Scientific Editing, UK) for assistance in manuscript editing.
V. References
This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
